Sphingoid long-chain base (LCB) 1-phosphates are degradated by LCB 1-phosphate lyase to C 16 fatty aldehydes and phosphoethanolamine. Here, we confirmed that the At1g27980 gene product, AtDPL1, is a functional LCB-1-phosphate lyase. Expression of green fluorescent protein fusion products in suspension-cultured Arabidopsis cells showed that AtDPL1 is located to the endoplasmic reticulum. The rates of fresh weight decreases of dpl1-1 and dpl1-2 mutants were significantly slower than those of the wild-type plants. This ability to limit their transpiration reflected the leaf temperature of the mutant plants more than that of wild-type plants, suggesting that AtDPL1 plays a role in dehydration stress.
Abbreviations: CaMV, cauliflower mosaic virus; DPL, dihydrosphingosine-1-phosphate lyase; ER, endoplasmic reticulum; GFP, green fluorescent protein; GUS, b-glucuronidase; LCB, sphingoid long-chain base; LCB-1P, sphingoid long-chain base 1-phosphate; ORF, open reading frame; PHS, (t18:0) phytosphingosine (4-hydroxysphingenine); RNAi, RNA interference; RT-PCR, reverse transcription-PCR; SPH, sphingosine (4E-sphingenine); SPH-1P, sphingosine 1-phosphate; SPL, sphingosine 1-phosphate lyase.
Phosphorylation of sphingoid long-chain bases (LCBs) is an important process in the production of bioactive sphingolipid metabolites. This process is also thought to be a rate-limiting step in regulating the cellular content of LCBs and ceramides in mammals (Liu et al. 2002) .
Phosphorylated LCBs are synthesized by LCB kinases and are degradated either by LCB-1-phosphate (LCB-1P) phosphatase to LCBs, or by LCB-1P lyase to C16-fatty aldehydes and phosphoethanolamine. Recently, sphingosine 1-phosphate (SPH-1P) and phytosphingosine-1P (PHS-1P) have been reported as lipid messenger molecules for guard cell ABA responses (Ng et al. 2001 , Coursol et al. 2003 , Coursol et al. 2005 . Drought stimulates the production of SPH-1P (Ng et al. 2001) , and, in Arabidopsis, SPH kinase activity is stimulated by ABA (Coursol et al. 2003) . Recently, Arabidopsis LCB kinase genes, At5g23450 (AtLCBK1), At2g46090 and At4g21540 (SPHK1), were identified and characterized (Imai and Nishiura 2005, Worrall et al. 2008) . Worrall et al. (2008) reported that the stomata of SPHK1 knockdown Arabidopsis plants were less sensitive, whereas the stomata of SPHK1-overexpressing plants were more sensitive, than the wild type to ABA, suggesting that SPHK1 is an important component in plant cell ABA signaling.
If the overall cellular LCB-1P levels are potentially regulated by a balance between their mediated synthesis and degradation, we need to examine the contribution of LCB-1P-catabolizing enzymes to dehydration stress. In a recent study, Tsegaye et al. (2007) identified an Arabidopsis ortholog of yeast dihydrosphingosine-1-phosphate lyase (DPL), AtDPL1 (At1g27980), that is probably located in the endoplasmic reticulum (ER). In addition, the disruption in the AtDPL1 gene resulted in mutant seedlings with an increased sensitivity to fumonisin B 1 (Tsegaye et al. 2007 ), but the specific contribution of LCB-1P-catabolizing enzymes during abiotic stress is largely unknown. Worrall et al. (2008) found that the double knockdown Arabidopsis RNA interference (RNAi) plants (SPPASE DPL1 RNAi plants) concerning a putative SPH-1P phosphatase and AtDPL1 genes inhibited the stomatal opening by ABA. In the present study, we report the physiological significance of AtDPL1 on dehydration stress because its T-DNA insertion lines revealed changes of transpiration.
We have previously identified an Arabidopsis SPH-1P lyase (SPL) gene, AtSPL1 (accession No. AB175035, At1g27980), using the human SPL amino acid sequence (Zhou and Saba 1998) . Recently, the same gene product was designated as AtDPL1 (Tsegaye et al. 2007) . Thus, in the present study, we decided to name the At1g27980 product as AtDPL1 to avoid a confusing notation. To prove that the AtDPL1 gene encodes a DPL enzyme, expression of the AtDPL1 gene in a defective strain of Saccharomyces cerevisiae (dpl1D) that lacks DPL was performed (Saba et al. 1997) . This dp1lD strain is extremely sensitive to D-erythro-SPH due to an inability to catabolize SPH-1P. As shown in Fig. 1A , the dpl1D cells transformed with the gene were capable of reversing the SPH-sensitive phenotype of the dpl1D strain when the Arabidopsis gene was expressed in the presence of galactose. This result indicates that the At1g27980 protein has a functional homology to DPL. When a protein blot was probed with a FLAG-specific antibody, AtDPL1 was detected at the predicted size of the protein ($60 kDa) in the total and microsomal fraction of dpl1D cells carrying pYES-FLAG-AtDPL1 (Fig. 1B) .
Next, we examined an in vivo DPL assay using an HPLC system with fluorescence detection following derivatization to detect SPH-1P in the dpl1D cells exposed to D-erythro-SPH; although D-erythro-SPH and SPH-1P do not naturally occur in S. cerevisiae cells, Saba et al. (1997) have reported that dpl1D strains accumulate SPH-1P when the dpllD cells are briefly exposed to exogenous D-erythro-SPH. As shown in Fig. 1C , dpl1D cells overexpressing AtDPL1 revealed a large decrease in SPH-1P compared with that of the dpl1D cells harboring the empty vector, whereas there were no major differences in the SPH-1P detected between AtDPL1-overexpressing and wild-type cells. This result indicates that the dpl1D cells . 1 and 2, dplD; 3 and 4, dplD harboring pYES2-FLAGAtDPL1; 5 and 6, dplD harboring pYES2; 7 and 8, wild type (BY4741). (B) Immunodetection of AtDPL1 in yeast cells. The fractionated protein (10 mg) from yeast dplD cells harboring either pYES2-FLAG-AtDPL1 (AtDPL1) or pYES2 (Vector) were analyzed by immunoblotting with antibodies against an M2 FLAG tag peptide. Total protein fractions (T) were obtained from supernatants centrifuged at 5,000 Â g. The 5,000 Â g supernatants were then centrifuged at 100,000 Â g for preparing soluble (S) and microsomal (M) protein fractions. The molecular masses are given on the left in kDa. (C) An in vivo DPL assay in yeast. LCBs and LCB-1Ps were extracted from either vector-(dpl1þVec) or AtDPL1-expressing (dpl1 þ DPL) dplD mutant cells treated with 50 mM D-erythro-sphingosine as described in Materials and Methods, and SPH-1P was quantified by HPLC as o-phthalaldehyde derivatives. The relative value for the wild type (WT) was set at 1.0. Data are the means AE SD of three independent experiments.
Sphingoid base 1-phosphate lyase in Arabidopsisoverexpressing AtDPL1 restore DPL enzyme activity, which is similar to the case reported in Drosophila lyase (Herr et al. 2003) . In addition, endogenous PHS-1P was also detected. The level of PHS-1P in dpl1D cells overexpressing AtDPL1 was similar to that of wild-type cells, indicating that the depletion of PHS-1P was caused by the heterologously expressed AtDPL1.
It has been reported that the LCB-1P lyase proteins localize to the ER in yeast and mammalian cells (Ikeda et al. 2004 , Reiss et al. 2004 , Mukhopadhyay et al. 2008 . Recently, Tsegaye et al. (2007) initially reported in plants that the AtDPL1 protein localized to the ER in tobacco and yeast cells, and probably in Arabidopsis cells. Therefore, to determine the subcellular distribution of AtDPL1 in Arabidopsis, we transiently expressed green fluorescent protein (GFP)-tagged AtDPL1 proteins in protoplasts prepared from Arabidopsis suspension-cultured cells under control of the cauliflower mosaic virus (CaMV) 35S promoter, and the fluorescence of GFP-fused proteins was examined with a confocal laser scanning microscope. As shown in Fig. 2 , the fluorescence patterns of GFP-tagged AtDPL1 proteins (AtDPL1-GFP and GFP-AtDPL1) showed a typical structure that is similar to the fluorescence of GFP-HDEL, which is an ER marker (Hayashi et al. 2001) . This indicates that AtDPL1 is located in the ER of Arabidopsis cells. The deduced amino acid sequences from Arabidopsis, human, mouse and S. cerevisiae DPL (SPL) genes show that the DPL (SPL) proteins commonly contain one transmembrane region and one predicted pyridoxal 5 0 -phosphate-binding site. In mammals, the active sites of SPL and SPH-1P phosphatase are located on the cytosolic and lumenal sides of the ER, respectively (Kihara et al. 2003) . Therefore, future studies may focus on the subcellular localization and transmembrane topology of sphingosine kinase, DPL and SPH-1P phosphatase for a discussion of their roles in LCB-1P metabolisms in plants.
We examined the expression of the b-glucuronidase (GUS) gene in leaves under the regulation of a 1.0 kb genomic sequence upstream of the transcription initiation site on AtDPL1. GUS expression signals were detected in the peripheral parts of leaves (Fig. 3) which is a similar trend to the expression pattern of pAtDPL-AtDPL::GUS plants shown recently by Niu et al. (2007) . In addition,
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GFP DIC Merge Fig. 2 The AtDPL1-GFP and GFP-AtDPL1 proteins are localized in the ER. GFP-tagged AtDPL1 proteins were transiently expressed in the protoplasts of Arabidopsis suspension-cultured cells. As a control, GFP-HDEL (an ER marker) (Hayashi et al. 2001 ) and GFP were also expressed. The cells were inspected with a confocal laser scanning microscope and a differential interference contrast microscope. Bars ¼ 10 mm. GUS signals in leaves were frequently observed in some veins and the bases of trichomes. We characterized two independent Arabidopsis mutants (dpl1-1 and dpl1-2) with T-DNA insertions in the AtDPL1 gene. The transcript-null status of dpl1-1 and dpl1-2 was confirmed by reverse transcription-PCR (RT-PCR) analyses (Fig. 4A, right panels) . The phenotype of dpl1-1 and dpl1-2 was indistinguishable from that of wild-type plants under normal growth conditions. However, as shown in Fig. 4B , the rates of decrease of the fresh weight of dpl1-1 and dpl1-2 mutant plants were significantly slower than those of the wild-type plants, suggesting that expression of AtDPL1 may influence transpiration rates in stomata. This ability to limit their transpirational water loss reflected the leaf temperature of dpl1-1 and dpl1-2 mutant plants being higher than that of wild-type plants (Fig. 4C) .
The responsiveness of dpl1-1 and dpl1-2 stomata to ABA was analyzed in vitro using isolated epidermal peels, showing that in the dpl1 mutations there was no significant enhancement of the ability of pre-opened stomata to close in response to ABA (Fig. 4D) . Worrall et al. (2008) found that SPPASE DPL1 RNAi plants showed inhibition of stomatal opening by ABA, whereas these double RNAi plants showed no significant differences from wild-type plants in the promotion of stomatal closure by ABA. Therefore, our observation might be explained by the fact that LCB-1P accumulation in guard or mesophyll cells disrupting DPL contributes the ABA inhibition of stomatal opening necessary for restricting transpirational water loss. Recently, Tsegaye et al. (2007) found an increase in levels of 4-hydroxysphingenine-1-phosphates (t18:1-1Ps) in Arabidopsis dpl1 mutants. Therefore, the quantification of the cellular contents of LCB-1Ps in response to dehydration stress should facilitate our ability to study LCB-1P signaling in the future. Furthermore, it will be interesting to determine whether LCB-1Ps are intra-or extracellular signaling molecules in guard cells. 
Materials and Methods
Arabidopsis thaliana (Col) was used as the wild-type plant. The dpl1-1 and dpl1-2 insertion alleles were identified from the Salk Insertion Sequence Database (Alonso et al. 2003) . The dpl1-1 allele corresponds to SALK_028094, and genotyping was carried out by PCR using the T-DNA insert primer designated LBa1 (5 0 -TGGTTCACGTAGTGGGCCATCG-3 0 ) and the following gene-specific primers: S1, 5 0 -CCACAAACCAAATAAGAAAG-3 0 ; and A1, 5 0 -TTTTCTATTCTTGAGGACTTCT-3 0 (LBa1 þ S1 gives the dpl1-1 insertion-specific product). The dpl1-2 allele corresponds to SALK_020151 and was verified to be 197 bp upstream of the dpl1-1 insertion site by genotyping using the T-DNA insert primer designated LBb1 (5 0 -GCGTGGA CCGCTTGCTGCAACT-3 0 ) and S1 primers. For analysis of AtDPL1 transcripts, first-strand cDNA was synthesized using an oligo(dT) 12-18 primer (Invitrogen, Carlsbad, CA, USA). The AtDPL1 open reading frame (ORF) was amplified with the primer set: S2 (5 0 -CGCGGATCCATGGATTCTTTTTCATATTCTTC-3 0 ) and A2 (5 0 -CGGAATTCCGTTAATATTGACTGTCCAT GAAAC-3 0 ). The following primers were used as internal controls: ACT2 (forward 5 0 -AGAGATTCAGATGCCCAGAAGTCTT-3 0 and reverse 5 0 -AACGATTCCTGGACCTGCCTC-3 0 ). A dpl1 deletion strain (Mat a his3D1 leu2D0 met15D0 ura3D0 dpl1::KanMax4) was derived from the strain BY4741 (Mat a his3D1 leu2D0 met15D0 ura3D0) (Baudin et al. 1993) . The ORF of AtDPL1 cDNA was amplified by PCR using primers S3 (5 0 -CGCGGATCCACCATGGACTACAAGGACGACGATGA TAAGGATTCTTTTTCATATTCTTC-3 0 ) and A2. The S3 primer contains the coding sequence for a FLAG peptide. The amplified fragment was subcloned into the BamHI-EcoRI sites of the pYES2 vector (Invitrogen). The resultant plasmid designated pYES2-FLAG-AtDPL1, and pYES2 as a control, were introduced into the dpl1 strain using a lithium acetate method (Gietz et al. 1995) . Transformed cells were grown at 308C in minimal medium A (1 Â Difco yeast nitrogen base without amino acids, 20 mg ml -1 L-methionine, 20 mg ml -1 L-histidine, 100 mg ml -1 L-leucine and 200 mg ml -1 geneticin) with 2% (w/v) glucose. Construct insertion in geneticin-resistant transformants with URA þ was confirmed by a colony direct-PCR method using primers to the pYES2 plasmid vector sequence just 5 0 and 3 0 to the multicloning site. The transformants, designated dpl1-pYES2-FLAG-AtDPL1 and dpl1-pYES2 (control), were spread on the test plates (1 Â Difco yeast nitrogen base without amino acids, 20 mg ml -1 L-methionine, 20 mg ml -1 L-histidine, 100 mg ml -1 L-leucine, 100 mg ml -1 uracil, 10 mM D-erythro-sphingosine and 2% agar) containing either 2% (v/w) glucose or galactose. Samples were incubated at 288C for several days. For immunoblotting, sample solutions from the galactoseinduced cells of dpl1-pYES2-FLAG-AtDPL1 and dpl1-pYES2 transformants were separated by SDS-PAGE and blotted onto an Immun-Blot PVDF Membrane (Bio-Rad, Hercules, CA, USA). The membrane was incubated with ANTI-FLAG M2-peroxidase conjugate (Sigma, diluted 1 : 1,000). For analysis of LCBs and LCB-1Ps from yeast cells, the extraction and fractionation of LCBs and LCB-1Ps were based on the method of Caligan et al. (2000) with minor modifications. Overnight cultures grown until OD 600 ¼ 2.0 were collected and resuspended with 5 ml of minimal medium B (1 Â Difco yeast nitrogen base without amino acids, 20 mg ml -1 L-methionine, 20 mg ml -1 L-histidine, 100 mg ml -1 L-leucine and 100 mg ml -1 uracil) containing 50 mM D-erythro-sphingosine. The suspension samples were incubated at 288C for 2 h and collected by centrifugation.
The resultant pellets were washed twice with water and homogenized by ultrasonication with 2 ml of ice-cold methanol/water (1 : 1, v/v). The homogenates were centrifuged at 2,000 Â g for 10 min. The supernatants were mixed with 1 nmol of D-erythro-C20-dihydrosphingosine dissolved in methanol and derivatized with o-phthaldialdehyde. The derivatized samples were analyzed by reverse-phase HPLC using an LC-10AT pump and an RF-10A spectrofluorometer (Shimadzu, Kyoto, Japan).
To construct pAtDPL1::GUS, a 1.0 kb AtDPL1 genomic fragment (position -1,059 to -59 from the first ATG) was fused to the GUS coding sequence in pBI101. For GUS staining of pAtDPL1::GUS transgenic T 2 plants, samples were submerged overnight with 0.5 mg ml -1 5-bromo-4-chloro-3-indolyl-b-Dglucuronide in 50 mM phosphate buffer (pH 7.0). Samples were observed under a stereomicroscope and a Nomarski-equipped microscope (BX51, Olympus, Tokyo, Japan).
GFP was kindly provided by Dr. Y. Niwa of University of Shizuoka (Chiu et al. 1996) . Two plasmids for transient expression were prepared by inserting a DNA fragment that encoded AtDPL1 into the 5 0 or 3 0 end of the GFP-coding region of the CaMV 35S-sGFP(S65T)-nos3 plasmid. The constructs for the chimeric gene encoding GFP-HDEL, an ER marker (Hayashi et al. 2001) , and GFP, a cytosolic and nuclear marker, were used for a control experiment. The transient expression of the GFP-fused proteins in Arabidopsis suspension-cultured cells was carried out as described previously (Ueda et al. 2001) . The fluorescent images were inspected with a confocal laser scanning microscope (model LSM510 META; Carl Zeiss, Jena, Germany) using the 488 nm line of a 40 mW Ar/Kr laser with a 100 Â 1.4 N.A. oil immersion objective. Image analysis was performed using LSM image examiner software (Carl Zeiss). The data were exported as 8-bit TIFF files and processed using Adobe PHOTOSHOP 5.5 (Adobe Systems, Tokyo, Japan).
For dehydration experiments, plants grown in the MS gellan gum plates for 2 weeks were placed on soil and grown for another 1 week under 16 h light/8 h dark conditions. The aerial parts of the plants were detached from their roots and placed on weighing dishes. In all experiments, plants were harvested at the time point just 2 h after the initiation of the light period. These plants were carefully placed cuticle side down on weighing dishes without overlapping the leaves under fluorescent illumination at 100 mmol m -2 s -1
, and loss in fresh weight was monitored at the indicated times.
Thermal imaging of wild-type and mutant plants was performed as described previously (Merlot et al. 2002) . In brief, plants were grown under 16 h light/8 h dark conditions for 21 d. Thermal images were obtained using a Thermal Video System TVS-8500 (Nippon Avionics, Tokyo, Japan). Stomatal aperture measurements were conducted according to the method of Kinoshita et al. (2001) . Briefly, rosette leaves from 5-to 6-weekold plants were harvested using a blender to obtain epidermal peels. Epidermal peels were floated in buffer medium (50 mM KCl, 0.1 mM CaCl 2 , 5 mM MES-PTP, pH 6. 5) and incubated for 2 h under red light (50 mmol m -2 s -1
) and blue light (10 mmol m -2 s -1 ) illumination. The epidermal peels were then incubated for a further 2 h in the light in the absence or presence of ABA.
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